Mitophagy occurs during ischemia/reperfusion (I/R) and limits oxidative stress and injury. Mitochondrial turnover was assessed in patients undergoing cardiac surgery involving cardiopulmonary bypass (CPB). Paired biopsies of right atrial appendage before initiation and after weaning from CPB were processed for protein analysis, mitochondrial DNA/nuclear DNA ratio (mtDNA:nucDNA ratio), mtDNA damage, mRNA, and polysome profiling. Mitophagy in the post-CPB samples was evidenced by decreased levels of mitophagy adapters NDP52 and optineurin in whole tissue lysate, decreased Opa1 long form, and translocation of Parkin to the mitochondrial fraction. PCR analysis of mtDNA comparing amplification of short vs. long segments of mtDNA revealed increased damage following cardiac surgery. Surprisingly, a marked increase in several mitochondria-specific protein markers and mtDNA:nucDNA ratio was observed, consistent with increased mitochondrial biogenesis. mRNA analysis suggested that mitochondrial biogenesis was traniscription independent and likely driven by increased translation of existing mRNAs. These findings demonstrate in humans that both mitophagy and mitochondrial biogenesis occur during cardiac surgery involving CPB. We suggest that mitophagy is balanced by mitochondrial biogenesis during I/R stress experienced during surgery. Mitigating mtDNA damage and elucidating mechanisms regulating mitochondrial turnover will lead to interventions to improve outcome after I/R in the setting of heart disease.
Introduction
Cardioplegia (arresting the heart) is used to protect the heart against ischemic injury during conventional cardiac surgery by reducing myocardial oxygen consumption. Cooling the heart further reduces metabolic demand. Despite the use of cold cardioplegia to protect the heart against ischemia/reperfusion (I/R) injury during conventional cardiac surgery, I/R injury remains a major cause of morbidity and mortality after heart surgery (1). Thus, there is an unmet need to better protect the heart. Efforts to improve upon the current methods of myocardial protection have been stymied, in part, due to the lack of identification of clinically relevant cellular and subcellular targets. To address this conundrum, a better understanding of the beneficial and deleterious processes that characterize the human heart's response to ischemia and reperfusion is needed.
Mitochondria represent a major target of I/R injury; endogenous defense mechanisms must therefore include mitochondrial quality control. An important aspect of this process is mitochondrial turnover, which refers to the integrated processes of degradation via autophagy (mitophagy) and biogenesis. We and others previously demonstrated the importance of cardiac mitophagy in attenuating I/R-induced injury (2) (3) (4) . A considerable amount of preclinical evidence that mitochondrial biogenesis programs are activated in the setting of cold cardioplegia or I/R has been reported (reviewed in ref. 5 ). However, whether mitophagy and mitochondrial biogenesis occur in the human heart in response to ischemic stress is unknown. The bulk of our knowledge regarding cardiac mitochondrial quality control in the setting of ischemic stress has Mitophagy occurs during ischemia/reperfusion (I/R) and limits oxidative stress and injury. Mitochondrial turnover was assessed in patients undergoing cardiac surgery involving cardiopulmonary bypass (CPB). Paired biopsies of right atrial appendage before initiation and after weaning from CPB were processed for protein analysis, mitochondrial DNA/nuclear DNA ratio (mtDNA:nucDNA ratio), mtDNA damage, mRNA, and polysome profiling. Mitophagy in the post-CPB samples was evidenced by decreased levels of mitophagy adapters NDP52 and optineurin in whole tissue lysate, decreased Opa1 long form, and translocation of Parkin to the mitochondrial fraction. PCR analysis of mtDNA comparing amplification of short vs. long segments of mtDNA revealed increased damage following cardiac surgery. Surprisingly, a marked increase in several mitochondria-specific protein markers and mtDNA:nucDNA ratio was observed, consistent with increased mitochondrial biogenesis. mRNA analysis suggested that mitochondrial biogenesis was traniscription independent and likely driven by increased translation of existing mRNAs. These findings demonstrate in humans that both mitophagy and mitochondrial biogenesis occur during cardiac surgery involving CPB. We suggest that mitophagy is balanced by mitochondrial biogenesis during I/R stress experienced during surgery. Mitigating mtDNA damage and elucidating mechanisms regulating mitochondrial turnover will lead to interventions to improve outcome after I/R in the setting of heart disease.
been in cells and animal models. Thus, the purpose of this study was to test the hypothesis that mitochondrial turnover is activated during cardiac surgery. Should this be an active process in the human heart, then mitochondrial quality control mechanisms could be an important new target for the development of more effective clinically relevant myocardial protection strategies.
Results
We examined biochemical and molecular characteristics of paired atrial biopsies before and after cardiopulmonary bypass (CPB) with cold cardioplegia for coronary arterial bypass graft and/or valve surgery from a cohort of 48 patients (Table 1) . To investigate whether mitophagy is triggered during cardiac surgery, we examined Parkin, NDP52, optineurin, and Opa1 by Western blot analysis in 20 patient sample sets. Parkin is an E3 ubiquitin ligase that promotes mitophagy by ubiquitinating outer mitochondrial membrane proteins to facilitate autophagosome recruitment (6) . NDP52 and optineurin are recently identified autophagy adapter proteins that facilitate mitophagy in the CNS; however, their roles in the heart have not been described (7) . Opa1 resides in the inner membrane of mitochondria and is important for maintaining mitochondrial fusion; its processing into a short form leads to mitochondrial fragmentation (8) , which is a prerequisite for mitophagy (9) . Induction of mitophagy was inferred from Parkin translocation to the mitochondrial heavy membrane fraction, depletion of both mitophagy adapters NDP52 and optineurin, and Opa1 processing to its short form in response to the surgery ( Figure  1, A-D) . Like the depletion of autophagy proteins, which we interpreted to indicate autophagic flux (10), we interpret the combined depletion of optineurin and NDP52, increased Parkin translocation to the mitochondria, and processing of Opa1 to its short form as indications that mitophagy takes place during cardiac surgery. Taken together, these findings provide strong evidence for mitophagy. These findings are from atrial biopsies; to determine if we might expect the ventricle to show a similar response, we subjected isolated perfused rat hearts to 45 minutes of global no-flow ischemia and compared the ischemic response in atria and ventricles ( Figure 1E ). AMPK phosphorylation and depletion of microtubule-associated protein 1A/1B-light chain 3 (LC3) were similar in atria and ventricles in response to ischemia, as was processing of Opa1. Optineurin and Parkin were more abundant in atria compared with ventricles. This suggests that similar events were occurring in human ventricles, although we could not sample ventricular tissue in this study.
Myocardial ischemia causes mitochondrial injury, which exacerbates the production of ROS during early reperfusion; mitochondrial ROS are considered a central mediator of injury (11) . Mitochondrial ROS are responsible for oxidative damage to mitochondrial DNA (mtDNA). Damaged mtDNA will result in mitochondria with impaired oxidative phosphorylation (OXPHOS) capacity, limiting recovery from cardiac surgery. To investigate whether mtDNA damage occurred, we extracted total DNA from heart biopsies and used short-range and long-range PCR to amplify segments of mtDNA. The short-range PCR serves as normalization factor for mtDNA content, since there is a relatively small probability of encountering a lesion within a short segment of mtDNA, whereas the long-range amplification reaction has a higher probability of encountering a mtDNA lesion that will disrupt amplification. Accordingly, the ratio of long PCR product to short PCR product serves as an indicator of mtDNA damage. We found a consistent decrease in the amount of the long PCR product in the post-CPB samples, indicating that mtDNA damage (comprising single-or double-strand breaks or bulky adducts) had occurred (Supplemental Table 1 ; supplemental material available online with this article; https://doi.org/10.1172/jci.insight.89303DS1 ).
Induction of mitophagy typically decreases mitochondrial mass. To assess this aspect of mitochondrial turnover, we examined mitochondrial content in whole tissue lysates by Western blot analysis of a representative subunit from each of the 5 OXPHOS complexes. Surprisingly, we observed an increase in mitochondrial mass in post-CPB samples ( Figure 2 , A and B). Mitochondrial biogenesis involves mtDNA replication and the coordinated synthesis of mitochondrial and nuclear-encoded proteins, which are concurrently assembled into OXPHOS complexes. We examined cytochrome oxidase subunit 4 (CoxIV) as a marker for inner mitochondrial membrane and found a positive correlation with outer mitochondrial membrane marker Tom70 in that the magnitude of increase was similar for Tom70 and CoxIV in each patient ( Figure 2C ). Consistent with the increase in mitochondrial mass detected via Western blot, we observed an increase in the mtDNA/nuclear DNA ratio (mtDNA:nucDNA ratio) after surgery ( Figure 2D ). Taken together, our findings provide evidence that synchronized synthesis of mitochondria and replication of mtDNA occur during cardiac surgery, consistent with mitochondrial biogenesis.
To investigate the mechanism by which mitochondrial mass increased, we first examined PGC-1α, the canonical master regulator of mitochondrial biogenesis, and its immediate targets, Tfam and Nrf2. Values represent mean ± SD or the number of patients with that characteristic and percentage in parentheses (n = X). Note: A1C was not measured in 1 nondiabetic patient.
We found that mRNA for these important regulators did not change from beginning to end of surgery ( Figure 3A ). We also investigated mRNA for nuclear-encoded mitochondrial proteins including Tom70, cytochrome c, and OXPHOS components, and again detected no increase in mRNA after CPB ( Figure 3B ). These results argued against transcriptional regulation of mitochondrial biogenesis, which in any case would be an inadequate explanation of the increase in mitochondrial proteins in such a short time frame. We next considered the possibility of increased translation of existing mitochondria-targeted mRNAs. For this purpose, we performed polysome profiling to assess the abundance of relevant nuclear-encoded mitochondria-targeted mRNAs associated with polysomes versus nontranslating fractions. A typical sucrose gradient is shown in Figure 3C . We found that multiple mitochondria-related mRNAs showed redistribution to the polysome fraction in the post-CPB samples, corresponding to the increase in these mitochondrial proteins ( Figure 3D ). These data reveal translational control as an important mechanism of mitochondrial biogenesis in the setting of myocardial ischemia and reperfusion with cold cardioplegia.
Discussion
Ischemic preconditioning (12), postconditioning (13) , and remote conditioning (14) have been shown to activate cell-autonomous and systemic signaling pathways to protect the heart from I/R injury. We have previously shown that preconditioning induces autophagy and mitophagy essential for cardioprotection (2) . We have also shown that autophagy is upregulated in the human heart during cardiac surgery with cold cardioplegia and CPB, suggesting that this cardioprotective pathway may be activated (10) . Here, we show that mitophagy and mitochondrial biogenesis are upregulated in the human heart in this setting, raising the possibility that these are part of a coordinated cardioprotective response that we have previously called the homeostatic intracellular repair response (HIR 2 ) (10). The present study does not link the upregulation of mitophagy and biogenesis to a reduction in adverse clinical outcomes; additional studies are needed.
Our evidence for mitophagy is based on translocation of Parkin to the mitochondria and processing of Opa1 to its short form, both of which have been linked to induction of mitophagy (15, 16) . Here, we also monitored levels of NDP52 and optineurin, which are recently identified mitophagy adapters (7, (17) (18) (19) . To our knowledge, this report is the first to demonstrate their role in ischemic stress response in the human heart. We found that the stress of cardiac surgery leads to decreased levels of these mitophagy adapters, which we interpret as indicative of increased mitophagy similar to our previous findings of decreased p62/ SQSTM1 in the same setting (10). The substantial increase in strand breaks in mtDNA is indicative of oxidative stress associated with reperfusion injury. The increase occurs despite ongoing mitophagy, and it is unknown whether mitophagy is able to selectively eliminate mitochondria with the greatest DNA damage or whether it is nonselective. It is also unknown whether the DNA damage is greatest in recently replicated mtDNA, which conceivably could be more vulnerable to free radicals. The study design precluded obtaining tissue at intervals during surgery, limiting our ability to determine the timing of mitochondrial biogenesis with respect to ischemia/cold cardioplegia and reperfusion/rewarming. The finding of perioperative mtDNA damage begs the question whether it will resolve with time, either through enzymatic repair or selective elimination of damaged genomes and expansion of intact copies. It is also unknown whether the magnitude of mtDNA damage in this setting will impact subsequent cardiac function. In a study of heart failure patients, mtDNA damage was increased compared with normal controls when measured at the time of left ventricular assist device (LVAD) placement but was greatly reduced after mechanical unloading, suggesting it is possible to selectively eliminate damaged mitochondrial genomes (20) . An alternative explanation is that cells harboring too many damaged mtDNA genomes would undergo apoptosis; the resulting depletion of cardiomyocytes could lead to heart failure. Whether the mtDNA damage sustained during surgery correlates with an increased risk of developing an adverse cardiac event also remains to be determined.
The initial ischemic insult would cause mitochondrial depolarization, leading to Parkin-dependent mitophagy of a subset of the existing mitochondrial population (2) , in an effort to restore homeostasis. Previously, we described the HIR 2 as an upregulation of autophagy in response to I/R in the context of cardiac surgery. We noted depletion of key autophagy-related proteins, including LC3, Atg5, and p62 (10) . While most autophagy proteins are recycled, suppression of protein synthesis during surgical stress limits autophagy until new proteins can be synthesized (21) . In the context of cold cardioplegia, we suspect that recycling or replacement of autophagy components is substantially depressed. This is consistent with previous observations that global protein synthesis is suppressed during ischemia (22) -due to hypoxia, nutrient deprivation, and energetic stress on the translational apparatus -and mediated through mTOR and AMPK (23). We were surprised, then, to detect a marked increase in mitochondrial proteins and a parallel increase in mtDNA despite evidence that mitophagy had also transpired. Our findings reveal an increase in translation of preexisting mRNAs in the absence of an increase in mRNA transcripts. The translation of mitochondria-targeted mRNAs may be cap independent, enabling translation despite global suppression of protein synthesis (24) . It might seem surprising that adequate protein synthesis could take place within this time frame (average CPB time of 113 minutes, crossclamp time of 94 minutes). A ribosome elongates 20 amino acids per second, so it takes ~20 minutes to translate 1 mRNA. However, each mRNA can have 8-14 ribosomes, and the mRNA becomes circularized (bridged by protein adaptors) so that the ribosomes are rapidly recycled (25) . If the bulk of cap-dependent protein translation is suppressed, the transfer RNAs (tRNAs) needed would be available in higher abundance for translation of mito-targeted mRNAs, further accelerating the rate of translation.
These findings lead us to suggest that mitochondrial biogenesis is linked to mitophagy as a component of the coordinated HIR 2 in the setting of I/R stress experienced during cardiac surgery. Further work is needed to relate these findings to patient-specific variables and clinical outcomes. These findings highlight the existence of a robust physiological stimulus for mitochondrial elimination and replacement in response to cardiac surgery and reveal potential pathways for interventions to modulate mitochondrial turnover during or after surgery to enhance ischemia tolerance in patients.
Methods
Human heart biopsy procurement. Samples of right atrial appendages were obtained from patients undergoing conventional coronary artery bypass grafting (CABG) surgery with CPB before cross-clamping the aorta and exposure of the heart to a cardioplegic (CP) solution and after short-term reperfusion as previously described (26) . First, double purse-string sutures were placed in the atrial appendage and the first tissue was obtained. During placement of the venous cannula, the superior suture was secured to hold the venous cannula in place. The inferior purse string suture remained loose to allow this portion of the atrium to be exposed to blood CP and CPB after removal of the aortic cross-clamp. The second sample of atrial tissue (post-CP/CPB) was then obtained from the area between the purse-string sutures during removal of the venous cannula.
Preparation of lysates and subcellular fractions. Atrial samples (30-50 mg) were rapidly thawed and subjected to polytron homogenization in ice cold mitochondrial isolation buffer (in mM: sucrose, 250; EDTA, 1; HEPES, 10; pH 7.4) containing inhibitors (Roche Diagnostics, protease and phosphatase inhibitor cocktails). Nuclei and unbroken cells were eliminated by low-speed spin (1,000 g, 4°C, 10 min). A small aliquot of the postnuclear supernatant was reserved (whole lysate [WL] ) and the remainder was centrifuged (7,000 g, 4°C, 15 min) to obtain the final mitochondria-enriched pellet and supernatant (crude cytosol). The mitochondria-enriched heavy membrane fraction was resuspended in isolation buffer and centrifuged (7,000 g, 4°C, 5 min). The pellet was resuspended in ice cold RIPA buffer with inhibitors. Samples were stored at -80°C until use.
Western blot analysis. Total cell lysates, cytosol, and mitochondrial fractions were probed for Rho (catalog sc-373724, Santa Cruz Biotechnology Inc.), Parkin (catalog sc-32282, Santa Cruz Biotechnology Inc.), CoxIV (catalog 4844, Cell Signaling Technology), Tom70 (catalog14528-1-AP, Proteintech) and optineurin (catalog 10837-1-AP, Proteintech), and OXPHOS rodent antibody cocktail (catalog ab110413, Abcam), which recognizes nuclear-encoded subunits Ndufb8 (complex I), Sdhb (complex II), Uqcrc2 (complex III), MTCO1 (complex IV), and ATP5A (complex V). Immunoreactive bands were developed with BioRad Clarity reagent and ChemiDoc XRS system followed by densitometry using NIH ImageJ. Uncropped images of all blots can be found in the online appendix.
mtDNA damage analysis. mtDNA damage in biopsied right atrial appendage from patients undergoing CPB was assessed using quantitative PCR (qPCR) as described previously (27) (28) (29) . Briefly, total DNA was extracted using the QIAmp DNA Mini Kit (Qiagen) and quantified using the Quant-It PicoGreen dsDNA Quantitation Reagent (Invitrogen). In this assay, the polymerase binds to intact DNA and replicates a fulllength PCR product. In the presence of damaged DNA, however, the polymerase stalls, preventing full replication, thereby resulting in decreased amplification. Almost the entire mitochondrial genome (16.2 kb of the 16.5 kb) was amplified, yielding the "long-range PCR" amplification product and increasing the probability for detection of mtDNA lesions. This fragment was normalized to mtDNA copy number via a "short-range" PCR amplification product (236 bp) of the mitochondrial genome in which the polymerase has a low probability of having lesions (due to its small amplification size). Data was expressed as the ratio of the average amplification of the long amplification product divided by the short amplification product for each patient and for each group. A decreased long/short ratio is indicative of increased mtDNA damage.
Assessment of mtDNA:nucDNA ratio. Pieces of heart samples (10-15 mg) were used to isolate genomic DNA using a DNeasy Blood and Tissue kit (Qiagen) according to manufacturer's instruction. Primers specific to the human genome were designed using Primer-BLAST online (NIH). Housekeeping nuclear encoded target was GAPDH: Ref. seq -NC_000012.12. For: 5′ -TTCAACAGCGACACCCACTC -3′, Rev: 5′ -CGCCAGACCCTGCACTTTTT -3′. Mitochondria encoded target was CO1: Ref. seq -NC_012920. For: 5′ -CCTATCCGGAATGCCCCGA, Rev -5′ -CTCCAGGTTTATGGAGGGTTCT -3′. Equal amounts of total isolated genomic DNA (0.1 μg) were used for amplification via qPCR and Sybr Green (Bio-Rad). mtDNA:nucDNA ratios were calculated by normalizing results of mitochondria-encoded gene product against nuclear-encoded gene product. 18S  X03205  CTTTCGATGGTAGTCGCCGT  CCTTGGATGTGGTAGCCGTT  PGC-1α  NM_013261  ACCAAACCCACAGAGAACAG  GGGTCAGAGGAAGAGATAAAGTTG  Tfam  NM_003201  TTTCTCCGAAGCATGTGGG  GCCAAGACAGATGAAAACCAC  Nrf2  NM_00131390  TGGGCTCAGCTATGAAAGCA  CCCCAACCAGTTGACAGTGA  CoxIV-1  NM_001861  GCACTGAAGGAGAAGGAGAAG  CCACAACCGTCTTCCACTC  Tomm70  NM_014820  ACTACGAGCTACCTTCTACCTG  CATGCTGCCTCTTTTGATGAG  Cyt c  NM_018947  GTGCCACACCGTTGAAAAG  AGTGTATCCTCTCCCCAGATG  SDHA  NM_004168  TGCTGCCGTGTTCCGTGTGG  ACCATTCCCCGGTCGAACGTCT  SDHB  NM_003000  AGCGTGAGAAACTGGACGGGCTC  TAGCTGGGGCAGCTGGTGCTA  NDUFB8  NM_005004  GCTCCCTGACCGCTCACAGC  TGCCAGTGCATCGGTTCACCC  UQCRC2 NM_003366 GGCCAACTACCGTGGAGGTGA GCACTTCCCGCGACAGCACT Polysome profiling. Human samples were homogenized in a buffer containing (KCl 100 mM, Tris 20 mM, pH 7.5, MgCl 2 5 mM, 0.4% NP-40, 100 μg/ml cycloheximide and 0.1 U/μl RNase inhibitor; Invitrogen). Homogenates were incubated 15 minutes on ice and centrifuged at 18,000 g for 15 minutes at 4°C. The supernatants were loaded onto a 15% (w/v) to 50% (w/v) sucrose gradients ([mM] NaCl, 100; MgCl 2 , 10; and Tris HCl, 10; pH 7.5) and centrifuged at 170,000 g in a Beckman SW41 Ti rotor for 2 hours at 4°C. Gradients were fractionated with a BioLogic LP System (Bio-Rad). The polysome fractions were collected, and total RNA was isolated with Trizol (Ambion) following the manufacturer's suggested procedure.
mRNA analysis. Total RNA was isolated from frozen heart samples using a NucleoSpin RNA kit (Macherey-Nagel) according to manufacturer's instruction. qPCR primers were designed and verified using Primer-BLAST online (NIH) ( Table 2) .
Isolated heart perfusion. Hearts from anesthetized male Sprague Dawley rats from Envigo (225-250 g) were rapidly excised and cannulated onto the Langendorff apparatus and perfused in a retrograde manner with Krebs-Henseleit bicarbonate buffer consisting of NaCl 112 mM; KCl 5 mM; MgSO 4 1.2 mM; KH 2 PO 4 1.2 mM; CaCl 2 1.25 mM; NaHCO 3 25 mM; and glucose 11 mM. They were gassed with 95%O 2 /5%CO 2 (pH 7.4). The buffer reservoir height was adjusted to achieve a perfusion pressure of 70-80 mm Hg, and perfusate temperature was maintained at 37°C. Hearts were allowed to stabilize for 10 minutes prior to induction of global ischemia via cessation of perfusion for 30 minutes. Temperature was maintained during ischemia by immersing the heart in perfusate maintained at 37°C. Control hearts were subjected to 30 minutes of normoxic perfusion. At the end of the experiment, atria and ventricles were rapidly excised and immediately snap frozen in liquid nitrogen or further processed for mitochondrial isolation.
Statistics. Values for patient characteristics (Table 1) are expressed as mean ± SD. All values for Western blot, mRNA, and mtDNA damage analysis are expressed as mean ± SEM. Two-tailed Student's t test with a P value < 0.05 was considered statistically significant. Wilcoxon signed rank test was used to analyze mtDNA damage results.
Study approval. All animal studies were performed in accordance with institutional guidelines and approved by the Institutional Animal Care and Use Committee of Cedars-Sinai Medical Center. All studies were conducted under a protocol approved by the Oakwood Hospital IRB and were performed by 2 surgeons.
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